This paper presents the design and characterization of a microelectromechanical system (MEMS) oscillator. The oscillator is composed of a low-noise sustaining circuit and a vacuum-encapsulated MEMS disk resonator with excellent frequency response. The sustaining circuit is based on two-port matching networks, a feedback circuit, and a phase shift network. The oscillator exhibits a measured phase noise of −96 dBc/Hz at 1 kHz offset, and −120 dBc/Hz at far-from-carrier offset. Furthermore, the short term and medium term frequency stabilities are ²0.5 ppm and ²5 ppm, respectively. The oscillator shows linear frequency-temperature ( f-T) characteristics and small hysteresis. With these promising performances, the proposed MEMS oscillator has potential applications in high-end timing systems.
Introduction
The conventional reference oscillators in wireless communication transceiver, such as quartz crystal and surface acoustic wave (SAW) oscillators, are difficult to miniaturize and integrate on chip, which could not meet the development demands of the future wireless communication systems. The reference oscillators based on radio frequency micro-electromechanical system (RF MEMS) resonators are considered as potential substitutes for quartz crystal and SAW oscillators due to their small size, low cost, high performance, and complementary-metal-oxide-semiconductor (CMOS) compatible fabrication process, which provide ideal approaches to achieve low-power and high-precision timing references [1] . However, several issues, such as high noise of the feedback circuits, poor phase noise performance, and frequency stability problems, prevent their use in high precision applications [2] .
This work presents a high performance oscillator with vacuum encapsulated MEMS resonator and low noise feedback circuit. The feedback circuit is designed with sufficient gain, ultra-low noise, and high accuracy. Methods to reduce insertion loss and noise of the resonator are implemented with impedance matching networks. The designed two-stage amplifying architecture with excellent linear low noise pre-amplifier (LNA) and automatic gain control (AGC) loop has short response time and low distortion, which helps to make oscillation more accurate and stable [3] . Furthermore, the phase noise from sustaining circuit is theoretically analyzed, and the oscillator presents excellent phase noise performance. The oscillator exhibits promising frequency stability, including short-term and middle-term frequency stability, and frequency-temperature (f-T) characteristic. It is a compelling case for high accuracy and low power requirement of future RF applications.
MEMS resonator
The MEMS resonator used in this work is fabricated with the same process as reported in [4, 5] . As shown in Fig. 1 , the two-port resonator consists of a 18-µmradius polysilicon disk with the thickness of 2.5 µm, and two electrodes are located around the disk with a gap of 70 nm. The resonator is hermetically encapsulated with Au-Sn solder bonding and low-noise planar-feedthrough structure [6] , as shown in Fig. 1 .
When the resonator is electrostatically excited in its two-port configuration, it operates at the radial-contour mode. Applying a direct-current (DC) voltage of 5 V, the fundamental resonant frequency and the quality (Q) factor are ∼150.5 MHz and exceeding 10000, respectively, and the signal-to-background ratio of the transmission signal is more than 15 dB, as shown in Fig. 2 . In terms of the dependence of the Q-factor on the pressure, the vacuum level inside the sealed resonator can be inferred lower than 1 mbar.
Although the packaged resonator has excellent frequency response, its series motional resistance is much higher than that of conventional quartz crystal and SAW resonators, which presents a challenge request for the sustaining circuit to achieve enough gain. According to the measured frequency spectrum, the value for the series motional resistance R x can be obtained via the following expression [6] :
where A is the transmission gain in decibels at the peak of the measured frequency characteristic (−71 dB) and Z 0 is the source or load resistance of the network analyzer (50 Ω). Plugging in numbers, the expression (1) yields a measured R x of about 355 kΩ. Limited by the power consumption as well as the micro-fabrication process, the motional resistance is difficult to be further reduced. In this work, twoport impedance matching networks connected to the resonator are implemented to reduce insertion loss of the resonator.
MEMS oscillator design
The oscillator is composed of a sustaining circuit and the packaged resonator, as shown in Fig. 3 . The two-port impedance matching networks is designed to reduce the gain demand of the amplifier circuit, which is beneficial to achieve low noise. The amplifier circuit consists of two-stage amplifying architecture to achieve high loop gain as well as high noise suppression, the first and second stages are LNA and AGC circuits, respectively. The passive π-phase shifter is utilized to realize zero phase shift for the system. Generally, if several amplifier stages are cascaded, the total noise factor F all can be found with Friis' Formula:
where F n is the noise factor of the n-th device and G n is the power gain of the n-th device. The first amplifier has the most significant effect on the noise performance of the circuit. Hence, in this work, the LNA with the noise factor of 0.9 and the gain of approximately 24 dB is used as the first stage to suppress noise in the sustaining circuit. The AGC circuit of the second stage is composed of a variable gain amplifier (VGA), an external root-mean-square (RMS) detector and an error integrating controller. The RMS detector gives faster response to input amplitude than other detectors (envelope, log detector, and etc.). It contains a square-law detector which makes the AGC loop's equilibrium point independent of the RF signal waveform. Moreover, the integrator precisely controls the gain of sustaining circuit with high accuracy, which in turn reduces frequency drift and improve the phase noise performance. The transfer function model of the oscillation system containing two feedback loops is established, as shown in Fig. 4 . The oscillator stages can be modeled as a trans-impedance gain element with gain R M . The VGA dynamics is approximately linear by assuming that a small change in the control voltage V GAIN will result in a small change in the VGA's output amplitude:
where K VGA is the gain scaling factor of the VGA, which refers to 50 dB/V in this work; V DRV is the steady-state resonator drive amplitude, and the RMS converter used here has a DC gain of K RMS ¼ 7:5 V=V RMS . Thus, a peak-to-peak fluctuation less than 1 dB at the RMS detector's output is achieved with linear-in-dB response in the AGC loop. The simulated parameters are listed in Table I , and the response time of the loop is about 5 ms, which can significantly reduce the startup time of an oscillator, as shown in Fig. 4 .
Oscillator characterization
The output spectrum of the MEMS oscillator is measured using a frequency spectrum analyzer with port resistance of 50 Ω and the measured output power is approximately −10 dBm, as shown in Fig. 5 . Inset of the figure shows the sinusoid waveform measured by oscilloscope, and the RMS value of the waveform is consistent well with the measured output power via dBm-volts conversion. Phase noise originates from the flicker noise, white noise, and other nondeterministic noise sources in the oscillating circuit. Phase noise causes random variations in the timing of the zero crossings, which is an important performance indicator of oscillators. As shown in Fig. 6 , three oscillators exhibit measured phase noise of about −96 dBc/Hz at 1 kHz offset, and −120 dBc/Hz at far-fromcarrier offset. The low phase noise benefits from ultra-low noise of the sustaining circuit and excellent performance of the MEMS resonator. The phase noise of the developed oscillators is compared with the reported MEMS oscillators [7, 8, 9, 10] . Figure of merit (FOM) is defined to compare the phase noise performance of different oscillators, and it normalizes the noise at 1 kHz offset to an oscillation frequency of 10 MHz using the following formula: where PN (1 kHz) is the phase noise at 1 kHz offset; f s (MHz) is the oscillation frequency. With regards to the oscillators vibrating at 150 MHz, (4) yields a FOM of −120 dB at 1 kHz offset. This numerical value is substantially better than those of the reported MEMS oscillators, as given in Table II . Frequency stabilities of the oscillators during a period are also studied, including short-term (15 minutes) and middle-term (72 hours) stability measurements. During the test, the oscillators are placed in a thermal chamber with temperature accuracy of AE0:3°C, and the environment is controlled at room temperature (25°C). For the oscillators, the measured short term and medium term frequency stabilities are all within AE0:5 ppm and AE5 ppm, respectively, as shown in Fig. 7 . The measured results indicate that the oscillators achieve superior frequency stability due to the high-performance MEMS resonator, high-quality encapsulation technique, and low-noise circuit.
The f-T characteristics of the oscillators are also investigated. The fundamental frequencies of the oscillators are measured every 5°C while temperature is ramping up and down between 20°C and 80°C in the thermal chamber. The temperature coefficient of frequency (TCF) is approximately −23 ppm/°C, which depends on the temperature coefficient of Young's modulus of silicon and the resonator geometry. Three oscillators are tested and compared in Fig. 8 , which shows a high coherence in f-T characteristic. Moreover, no f-T hysteresis is observed. The results indicate that the oscillators do not suffer significant residual stress or differential thermal expansion which might affect resonant frequency stability in different environmental temperature [11] . The high-performance oscillator composed of RF MEMS disk resonator as well as low-noise sustaining circuit is systematically studied for timing application. The resonator is hermetically encapsulated, which has the excellent performance of frequency response. The sustaining circuit is designed with two stage amplifiers of the LNA and AGC modules to achieve steady limiting function, which can effectively improve the phase noise performance. Impedance matching network is used to reduce insertion loss of the resonator. Phase noise floor of the oscillator basically meets the requirement of global system for mobile communications (GSM) application. The short-term and medium-term stability are within AE0:5 ppm and AE5 ppm, respectively. Moreover, the oscillator has good linear f-T relationship and frequency consistency. With these promising performances, the proposed MEMS oscillator has potential applications in high-end timing systems.
